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Weyl semimetals (WSMs) are a newly discovered class of quantum materials which can host a
number of exotic bulk transport properties, such as the chiral magnetic effect, negative magnetore-
sistance, and the anomalous Hall effect. In this work, we investigate theoretically the spin-to-charge
conversion in a bilayer consisting of a magnetic WSM and a normal metal (NM), where a charge
current can be induced in the WSM by an spin current injection at the interface. We show that
the induced charge current exhibits a peculiar anisotropy: it vanishes along the magnetization ori-
entation of the magnetic WSM, regardless of the direction of the injected spin. This anisotropy
originates from the unique band structure of magnetic WSMs and distinguishes the spin-to-charge
conversion effect in WSM/NM structures from that observed in other systems, such as heterostruc-
tures involving heavy metals or topological insulators. The induced charge current depends strongly
on injected spin orientation, as well as on the position of the Fermi level relative to the Weyl nodes
and the separation between them. These dependencies provide additional means to control and
manipulate spin-charge conversion in these topological materials.
Central to spintronics are the inter-conversion between
charge and spin currents, and the manipulation and de-
tection of the spin orientation of current-carrying itiner-
ant electrons. Inter-conversion can utilize the spin Hall
effect (SHE) [1–5] and the inverse spin Hall effect (ISHE)
– the Onsager reciprocal of the SHE that originates in
bulk spin-orbit interactions; the SHE and ISHE are well-
established phenomena which convert a charge current
to a spin current (SHE), and a spin current to a charge
current propagating perpendicularly to both the spin and
flow directions of the injected spin current (ISHE). The
ISHE has been playing an important role in detecting
spin current generation in various heterostructures via
transport measurements [5, 6].
Recently, several experimental and theoretical stud-
ies [7–14] have investigated the inverse Edelstein ef-
fect (IEE) in an interfacial two-dimensional electron gas
(2DEG) with Rashba spin-splitting, or in a 2DEG at
the surface of a three-dimensional (3D) topological in-
sulator. In the IEE a spin accumulation in the 2DEG
induces a charge current flowing perpendicularly to the
nonequilibrium spin orientation. Compared to the ISHE
that typically occurs in bulk systems, the spin-to-charge
conversion based on the IEE is arguably more efficient
by taking advantage of the remarkable spin-momentum
locking arising from strong interfacial spin-orbit coupling
as well as of broken inversion symmetry at the interface
involving a heavy metal or topological insulator layer.
Weyl semimetals (WSMs), a newly discovered class of
quantum materials, is another rapidly evolving research
field [15–18]. This novel semimetal possesses distinct
electronic properties, such as the chiral anomaly [19–21]
and Fermi arc surface states [22], that are protected by
the nontrivial topology of the band structure. WSMs
studied to date have broken inversion symmetry (but
are time-reversal invariant) with at least four, and of-
ten many more, Weyl nodes. The relatively large num-
ber of Weyl nodes makes it difficult to clearly elucidate
and control effects related to the location of the Weyl
nodes, and the lack of a magnetic order parameter pre-
vents direct coupling to magnetic fields. Recently, there
has been increasing interest in the pursuit of magnetic
Weyl semimetals, which can have only two Weyl nodes
present near the Fermi surface — an ideal system to in-
vestigate transport properties — and also allow for di-
rect coupling with external magnetic field to control and
manipulate electronic and transport properties. Most
efforts have been dedicated to seeking potential candi-
dates of magnetic Weyl semimetals [23–26] and exam-
ining their bulk transport properties. In contrast, little
attention has been paid to the coupled spin and charge
degrees of freedom in heterostructures composed of mag-
netic WSMs and other materials, which is of fundamental
interest and may be important for future applications of
WSMs in spintronics.
In this work, we investigate theoretically the spin-to-
charge conversion in a bilayer consisting of a magnetic
WSM with two Weyl nodes and a nonmagnetic metal
(NM). We use a scattering formalism to connect elec-
tronic states in the NM and the magnetic WSM. Hav-
ing obtained the scattering states, we use semi-classical
transport theory [27] to demonstrate that a charge cur-
rent can be induced in the magnetic WSM by inject-
ing a spin current from the interface of the bilayer [see
Fig. 1(a)]. Furthermore, we show that the unique prop-
erties of magnetic WSMs allow for a control of the spin-
to-charge conversion that has no analog in conventional
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FIG. 1: Schematics of spin-to-charge conversion in a bilayer
consisting of a normal metal (NM) and a magnetic Weyl
semimetal (WSM). Panel (a): A spin current Qαz flowing in
the z-direction (perpendicular to the layer plane) and with
spin polarized in an arbitrary direction (denoted by the su-
perscript “α”) is generated in the NM layer, which is subse-
quently converted to a charge current J in the WSM layer.
Panel (b): sketches of band diagrams E(k) with ky = kz = 0
for the NM and the WSM with the dash-dotted line and the
dash line denoting respectively the Fermi energy EF and the
conduction band bottom of the NM with respect to the en-
ergy of the pair of Weyl nodes (red dots) which are separated
by 2k0; the orange dotted line denotes the Lifshitz transition
energy EL above which two separate Fermi surfaces, enclosing
the two Weyl nodes, merge into a single one.
NM and magnetic bilayer systems.
Let us commence with the following minimal model
Hamiltonian [18, 28] for the magnetic WSM layer filling
the z < 0 half space:
HW =
[
m1
(
k20 − k2x
)
+m0
(
k2y + k
2
z
)]
σx+v (kyσy + kzσz) ,
(1)
where σi (i = x, y and z) are Pauli spin matrices, and
m0, m1 and v are generic materials parameters. Note
that the two Weyl nodes are located at k = (±k0, 0, 0)
and that the first term on the right-hand-side of Eq. (1)
breaks time-reversal symmetry. The Weyl Hamiltonian
has the eigenvalues
Ek,s = s
√[
m1 (k20 − k2x) +m0
(
k2y + k
2
z
)]2
+ v2
(
k2y + k
2
z
)
,
(2)
where s = ±1 with Ek,+ and Ek,− corresponding to the
upper and lower energy bands that touch at the pair of
Weyl nodes. The z ≥ 0 region is occupied by a NM
described by the Hamiltonian HN = pˆ
2
2me
− µ0, where
me is the effective mass and µ0 denotes the deviation of
the conduction band bottom of the NM layer from the
energy of the two Weyl nodes, as sketched in Fig. 1(b).
Note that we will only consider µ0 > 0 so that there are
available scattering states in the NM when the two Weyl
nodes are in the close vicinity of the Fermi energy, which
are the circumstances under which most of the interesting
transport phenomena in WSMs emerge [29–32].
In the NM, by choosing the z-axis as the spin quantiza-
tion axis, the full scattering wave function for a free elec-
tron with a given energy E and a spin pointing in an ar-
bitrary direction n= (sin θ cosφ, sin θ sinφ, cos θ) can be
written as a linear combination of spin-up and spin-down
components, i.e.,
ϕN (k, r) =
[
cos
θ
2
e−iφ/2
(
1
0
)(
e−ikzz +R↑eikzz
)
+ sin
θ
2
eiφ/2
(
0
1
)(
e−ikzz +R↓eikzz
)]
eik‖·r ,
(3)
where kz ≡
√
2meE
~2 − k2‖ with σ =↑ (↓) and
k‖ [≡ (kx, ky)] the in-plane component of the wavevector,
Rσ are the reflection amplitudes, and we have assumed
translational invariance in the x-y plane.
The wave function for an electron transmitted into the
magnetic WSM can be expressed as
ϕW (k, r) =
(
T+χ+e
ikz,+z + T−χ−eikz,−z
)
eik‖·r (4)
where T± are the transmission amplitudes, χ+ and χ−
are two spinors given by χ± = 1√
N±
(
a±
b±
)
with a± =
m1
(
k2x − k20
)
+ m0
(
k2y + k
2
z,±
) − ivky, b± = E − vkz,±
and N± the normalization coefficients satisfying |a±|2 +
|b±|2 = N2±. The z-components of the wavevectors are
given by
k2z,± = −
1
m20
{
m0m1
(
k20 − k2x
)
+m20k
2
y +
v2
2
∓
√
m0m1 (k2x − k20) v2 +m20E2 +
v4
4
}
(5)
with the signs of kz,± so selected that the transmitted
waves either propagate freely or decay in the WSM (z <
0).
The reflection and transmission amplitudes R↑(↓) and
T± can be determined by proper boundary conditions.
Here, we assume that both the scattering wave function
and the z-component of the current density are continu-
ous at the interface z = 0:
ϕN (0
+) = ϕW
(
0−
)
(6a)
vˆN,zϕN (0
+) = vˆW,zϕW (0
−) (6b)
where the velocity operators are given by vˆN =
∂HN
~∂k
and vˆW =
∂HW
~∂k for the NM and WSM, respectively,
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and we have eliminated a common phase factor of eik‖·r.
We shall present the full expressions of the scattering
amplitudes in the Supplemental Materials as they are a
bit lengthy and are not very instructive.
Thus far, we have solved the problem of a single
electron scattering at the interface of the magnetic-
WSM/NM bilayer. In order to calculate the current den-
sity induced in the magnetic WSM layer due to the spin
current injection from the NM layer, we need to find the
electron distributions in each layer. At the NM side of
the interface (i.e., z = 0+), the distribution function can
be described by a 2× 2 matrix in spin space [33–36], i.e.,
fˆN = f0,N (k) Iˆ + gˆN (k) (7)
where f0,N (k) Iˆ is the equilibrium part of the distribu-
tion function with f0,N the Fermi-Dirac function and Iˆ
the 2 × 2 identity matrix, and the nonequilibrium com-
ponent of the distribution function gˆN (k) that gives rise
to the spin current can be described by
gˆN (k) = −eτvzEˆz ∂f0
∂Ek
(8)
where Eˆz = Ezσ · sinj (with σ denoting the Pauli spin
matrices) is a spin-dependent electric field pointing in
opposite directions for electrons with opposite spin di-
rections which drives a spin current [40], sinj is a unit
vector denoting the direction of the spin component of
the spin current. At temperatures well below the Fermi
temperature of the NM, it is a good approximation to as-
sume
∂f0,N
∂Ek
' −δ (Ek − µ0 − EF ) where EF is the Fermi
energy relative to the energy of the two Weyl nodes as
shown schematically in Fig. 1(b). Formally, the spin cur-
rent density is given by Qαz =
~
4Trσ
∫
d3k
(2pi)3
σαvz fˆN . Ex-
plicitly, Qbz = J
N
s,zs
b
inj where the magnitude of the spin
current density for a given spin direction can be charac-
terized by JNs,z ≡ ~2eσDEz with σD = τe
2k3F
3pi2me
the Drude
conductivity.
The nonequilibrium distribution function for the trans-
mitted electrons in the magnetic WSM is determined by
the transmission amplitudes and the nonequilibrium elec-
tron distribution gˆN (k) at z = 0
+ [33, 37] via
gˆ<W (k, z) = Tˆ
† (k, z) gˆ<N (k) Tˆ (k, z) (9)
where Tˆ (k, z) is a 2 × 2 transmission matrix satisfying
ϕW (k, z) = Tˆ (k, z)ϕN,i(k, 0
+) (the formula for Tˆ (k, z)
is not very informative and thus we will present it to-
gether with the derivation of the scattering amplitudes
in the Supplemental Materials), the superscript “<” de-
notes electrons moving in the negative z−direction (i.e.,
vz < 0). Note that, to the leading order, electrons
in the WSM moving towards the interface are assumed
to entirely come from the equilibrium distribution, i.e.,
fˆ<W ' fˆ<0,W and gˆ<W ' 0.
Having obtained the nonequilibrium distribution
gˆW (k, z), the in-plane charge current density induced in
the magnetic WSM layer can be computed via
JWe,‖(z) = −
e
2
∫
d3k
(2pi)
3Trσ
(
gˆW vˆW,‖ + h.c.
)
, (10)
where h.c. denotes Hermitian conjugate, gˆW = gˆ
>
W + gˆ
<
W
and the trace operation is carried out in the spin space.
Note that in deriving Eq. (10) we have taken into account
the fact that the equilibrium distribution of electrons in
the WSM, i.e., fˆ0,W , does not contribute to the current.
Before seeking the numerical solutions of the induced
charge current in the magnetic WSM layer, a remark-
able property of the spin-to-charge conversion can be il-
luminated by a simple symmetry analysis of Eq. (10):
regardless of the orientation of the injected spins, no cur-
rent will be induced in the direction parallel to the line
connecting the pair of Weyl nodes in momentum space,
i.e., JWe,x = 0. This is simply because the x-component
of the electron velocity operator (i.e., vˆW,x =
∂HW
∂kx
) is an
odd function of kx whereas the nonequilibrium distribu-
tion function gˆW is an even function of kx. Therefore, the
corresponding x-component of the current density must
vanish everywhere in the magnetic WSM layer as it is the
integral of the product of these two over k-space. Such
an anisotropic spin-to-charge conversion stems from the
inherent property of magnetic WSMs – the anisotropy in
the band structure in the first Brillouin zone between the
directions perpendicular and parallel to the separation
between the two Weyl nodes in k-space. The numerical
solution of JWe,x indeed confirms that it vanishes every-
where in the magnetic WSM layer, regardless of the di-
rection of the injected spin sinj , the position of the Fermi
level EF as well as the separation between the Weyl nodes
[see the inset of Fig. 2(a)].
In contrast to the robust suppression of JWe,x, the be-
havior of the current induced in the y-direction (perpen-
dicular to the separation between the two Weyl nodes and
perpendicular to the WSM|NM interface) is much richer.
Figure 2(a) shows the spatial variation of the JWe,y(z) for
the injected spin along x, y and z directions, respectively.
We find that while the magnitude of JWe,y depends on
the orientation of the spin injection, it generally decays
rapidly over one Fermi wavelength λF
(
= 2pikF
)
away from
the WSM|NM interface, indicating a dominant contribu-
tion of the evanescent surface states to the spin-to-charge
conversion in the magnetic WSM.
In Fig. 2(b), we show the total induced current
IWe,y
(
≡ ∫ 0−∞ dzJWe,y) as a function of the Fermi level EF .
We note the existence of a Lifshitz transition energy level
EL at which two separate Fermi surfaces, enclosing the
two Weyl nodes, merge into a single Fermi surface [as
3
FIG. 2: Characterization of the induced charge current in the magnetic WSM layer: (a) Current density JWe,‖ as a function of
the spatial coordinate z, the spatially integrated current IWe,‖
(
≡ ∫ 0−∞ dzJWe,‖) as functions of (b) Fermi energy EF and (c) the
separation of the two Weyl nodes k0 for an injected spin sinj along x, y and z axes respectively. The Lifshitz transition energy
and the Fermi wavevector are given by EL = m0k
2
0 and kF =
√
2me(EF + µ0)/~2, respectively. Other parameters used in the
numerical calculation: µ0 = 5.0 eV, me = 9× 10−31 kg, m0 = −m1 = 20 eV·A˚2 and v = 2 eV·A˚.
shown schematically in Fig. 1(b)]. We find that the
total current IWe,y is insensitive to the variation of the
Fermi level as long as EF is below EL, and the onset
of noticeable changes of IWe,y occur at EL due to a sig-
nificant change of density of states at the Fermi level
when it crosses the Lifshitz energy. In Fig. 2(c), we show
the dependence of the total induced current IWe,y on the
separation between the two Weyl nodes 2k0. Extraordi-
nary variations of IWe,y take place when k0 approaches the
Fermi wavevector kF , as the projected Fermi contour of
the NM in the x-y plane switches between one that en-
closes the two Weyl nodes and one that does not, which
drastically alters the scattering phase space. Lastly, we
provide an order-of-magnitude estimation of the effect in
EuCd2As2 – a magnetic Weyl predicted recently [26] that
contains a single pair of Weyl nodes. By choosing the fol-
lowing parameters for EuCd2As2 [26]: m0 = 1.6 eV·A˚2,
m1 = 54.5 eV·A˚2, v = 2.7 eV·A˚, k0 = 0.008 A˚−1, and
EF = 0.01 eV, we obtain a spin-to-charge conversion effi-
ciency of ϑ ' 0.2% for spin injected along the y-direction
where ϑ ≡ JWe,y(0−)/( 2e~ JNs,z), which is about an order of
magnitude smaller than the spin Hall angle in Pt [5, 6].
As a final point, it is interesting to compare the spin-to-
charge conversion in magnetic WSMs with that in other
systems (such as heavy metals, Rashba 2DEG, topolog-
ical insulator surfaces etc.) due to the ISHE or IEE.
When a spin current is injected in heavy metals (such
as Pt or Ta) from a NM, a charge current will be gen-
erated in the direction perpendicular to both the spin
direction and and the flow direction of the injected spin
current due to the ISHE; formally, the process can be de-
scribed by Je,i = ijkϑ0Q
k
j where ijk is the antisymmet-
ric Levi-Civita tensor (i, j, k = x,y, or z), Qkj represents
the injected spin current flowing along the j direction
with spin pointing in the k direction, and ϑ0 is a dimen-
sionless material parameter known as the spin Hall angle
which measures the efficiency of the spin-charge conver-
sion. A transverse charge current can also be generated,
based on the inverse Edelstein effect, by injecting a spin
current perpendicularly to the surface of a topological in-
sulator or to an interface with strong Rashba spin-orbit
coupling and using the spin-charge locking in these sys-
tems that fixes the spins of the carriers perpendicularly
to their momenta. Note that the IEE has the same sym-
metry as the ISHE and hence can be described by the
same formula that we used for the ISHE – the only dif-
ference is that it is a conversion of a 3D spin current to
a 2D charge current and hence ϑ0 in the linear response
relation has the dimension of length. For both IEE and
ISHE, a charge current may in principle be induced in
any arbitrary direction with properly chosen spin injec-
tion direction, i.e., ϑ0 is isotropic [38].
The spin-to-charge conversion in magnetic WSMs,
however, is rather anisotropic emanating from the
anisotropy in their unique band structures – the appear-
ance of a pair of Weyl nodes in k-space; as we have shown
above, no charge current can be induced in the direc-
tion along the line connecting the two Weyl nodes (i.e.,
kˆ0), regardless of the orientation of the injected spins.
Note that for a magnetic WSM with a single pair of
Weyl nodes, the magnetization is in the same direction as
kˆ0 [26]. In general, there will be an odd number of pairs
in a magnetic Weyl semimetal, in which case the total
current density, being the sum of contributions from dif-
ferent pairs (if the pairs of Weyl nodes are well separated
in the reciprocal space), vanishes along the magnetization
direction, i.e.,
m · JWe,‖ = 0 , (11)
where m is a unit vector denoting the magnetization di-
rection of the magnetic WSM.
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A charge current, however, can be induced in the direc-
tion perpendicular to the magnetization direction, and
the induced current is rather sensitive to the direction
of the injected spin sinj , which is experimentally control-
lable. In addition, we have shown that the spin-to-charge
conversion in magnetic WSM relies on the separation be-
tween two Weyl nodes and the position of the Fermi sur-
face relative to them, which provides additional means
to manipulate and control the effect. These remarkable
features make the spin-to-charge conversion in magnetic
WSMs distinctly different from that previously studied
in heterostructures involving heavy metals or topological
insulators, and are potentially very useful in spintronic
applications.
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Appendix: Derivation of the transmission matrix in
spin space
Let us first consider the scattering problem for free
electrons in a bilayer consisting of a normal metal (NM)
layer and a magnetic Weyl semimetal (WSM) layer, and
with the electrons incident on the interface from the NM.
For the Weyl fermions in the magnetic WSM layer, we
use the following low-energy effective Hamiltonian [same
as Eq. (1) in the main text]
HW =
[
m1
(
k20 − k2x
)
+m0
(
k2y + k
2
z
)]
σx+v (kyσy + kzσz) ,
(S1)
where σi (i = x, y, z) are the Pauli spin matrices, and for
the NM layer we adopt the following simple free electron
model Hamiltonian
HN = ~
2k2
2me
− µ0 , (S2)
where µ0 is a constant shift of the chemical potential.
By choosing the z-axis as the spin quantization axis,
the wave function of an electron in the NM layer incident
on the interface and with its spin pointing in an arbitrary
direction n= (sin θ cosφ, sin θ sinφ, cos θ) can be written
as
ϕN,i(r) =
[
cos
θ
2
e−iφ/2
(
1
0
)
+ sin
θ
2
eiφ/2
(
0
1
)]
e−ikzzeik‖·r ,
(S3)
and the corresponding reflected wave can be expressed as
ϕN,r(r) =
[
R↑
(
1
0
)
+R↓
(
0
1
)]
eikzzeik‖·r , (S4)
where kz ≡
√
2meE
~2 − k2‖ with k‖ [≡ (kx, ky)] the in-plane
component of the wavevector, R↑(↓) are the reflection am-
plitudes, and we have assumed translational invariance
in the x-y plane. It follows that the full scattering wave
function in the NM is a superposition of the incident and
the reflected waves, i.e.,
ϕN (r) = ϕN,i(r) + ϕN,r(r) . (S5)
The wave function for a transmitted electron in the
magnetic WSM can be expressed as
ϕW (r) =
(
T+χ+e
ikz,+z + T−χ−eikz,−z
)
eik‖·r , (S6)
where T± are the transmission amplitudes, χ+ and χ−
are two spinors given by χ± = 1√
N±
(
a±
b±
)
with a± =
m1
(
k2x − k20
)
+ m0
(
k2y + k
2
z,±
) − ivky, b± = E − vkz,±
and N± the normalization coefficients satisfying |a±|2 +
|b±|2 = N2±. The z-components of the wavevectors are
given by
k2z,± = −
1
m20
[
m0m1
(
k20 − k2x
)
+m20k
2
y +
v2
2
∓
√
m0m1 (k2x − k20) v2 +m20E2 +
v4
4
]
(S7)
with the signs of kz,± so selected that the transmitted
waves either propagate freely or decay in the WSM (z <
0).
The reflection and transmission amplitudes R↑(↓) and
T± can be determined by specifying the boundary con-
ditions. Here, we assume that both the scattering wave
function and the z-component of the current density are
continuous at the interface z = 0:
ϕN (0
+) = ϕW
(
0−
)
and vˆN,zϕN (0
+) = vˆW,zϕW (0
−) ,
(S8)
where the velocity operators are given by vˆN =
∂HN
~∂k and
vˆW =
∂HW
~∂k for the NM and WSM, respectively, where we
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have eliminated the common factor eik‖·r on both sides
of each equation.
By placing Eqs. (S3) - (S6) in Eq. (S8), one can derive
the following scattering amplitudes
R↑ = a+T+ + a−T− − cos θ
2
e−iφ/2 (S9a)
R↓ = b+T+ + b−T− − sin θ
2
eiφ/2 , (S9b)
where
T+ =
2
(
B− cos θ2e
−iφ/2 −A− sin θ2eiφ/2
)
A+B− −A−B+ (S10a)
T− =
2
(
A+ sin
θ
2e
iφ/2 −B+ cos θ2e−iφ/2
)
A+B− −A−B+ (S10b)
with
As =
(
1− meva
~2kN,z
)
as − 2m0a
2mekz,s
~2kN,z
bs (S11a)
Bs =
(
1 +
meva
~2kN,z
)
bs − 2m0a
2mekz,s
~2kN,z
as (S11b)
and s denoting + or −. We note that R↑(↓) and T±
contain only quadratic terms of k2x and k
2
y – a property
that is useful in determining the presence of the in-plane
charge current in a given direction.
Next, we determine the transmission matrix by rewrit-
ing the transmitted state in the form of ϕW (z) =
TˆNWϕN,i (0
+). Inserting the expressions of T±
[Eqs. (S10a) and (S10b)] in Eq. (S6), one can rewrite
ϕW (z) as
ϕW (z) =
2
A+B− −A−B+
(
a+B−eikz,+z − a−B+eikz,−z a−A+eikz,−z − a+A−eikz,+z
b+B−eikz,+z − b−B+eikz,−z b−A+eikz,−z − b+A−eikz,+z
)(
cos θ2e
−iφ/2
sin θ2e
iφ/2
)
. (S12)
It follows that the transmission matrix can be expressed
as
TˆNW =
2
A+B− −A−B+
∑
s=±
seikz,sz
(
as
bs
)
⊗( B−s −A−s ) ,
(S13)
where ⊗ denotes a direct product.
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